Leaves of Bruguiera cylindrica plants grown in the greenhouse and irrigated with fresh water (FW plants) and those from salt-adapted plants from the seacoast (SW plants) showed about 5-fold and 3-fold increase in respiration, respectively, when immersed in 4M NaCl solution. The increase in respiration was not due to dehydration effect of high salt concentration, since PEG-imposed dehydration stress to the leaves led to an inhibition of respiration rates in both FW and SW plants. The saltinduced increase in respiration rate was specific to monovalent cations, especially Na + and K + , but not divalent or trivalent cations, and to Cl -, but not other anions. Pretreatment of leaves of FW plants with 1mM amiloride, an inhibitor of the Na + / H + antiporter, reduced the NaCl-induced respiration surge. At least some part of the observed respiratory increase could therefore be for providing energy for ion transport, since the Na + / H + antiport activity is driven by activities of the tonoplast and plasma membrane H + -ATPases and H + -PPases. Respiration of the leaves from both FW and SW plants was accounted for by the COX pathway and was inhibited by KCN. But 4M NaCl-induced increase in FW, but not SW plants, was inhibited by the AOX inhibitor, SHAM. Also, generation of ROS was reduced by treatment with KCN, but increased with SHAM. This pointed to a protective role of AOX in reducing ROS generation during salt-induced respiration. Our results indicated that NaCl-induced increase in leaf respiration of B. cylindrica plants irrigated with fresh water was required for (a) salt transport and (b) reducing the harmful effects of ROS that are known to accompany increased respiratory activity. 
Research Article
Bruguiera species are known to accumulate salt to levels higher than that of sea water (Takemura et al., 2000; Kura-Hotta et al., 2001) . Salt is thought to act as a cheap and easily available osmoticum, which maintains an inward flow of water into the plant (Shabala, 2000; Pardo and Quintero, 2002) . Na + uptake is largely mediated through the K + transporter (Blumwald, 2000) and nonspecific cation channels (Demidchik and Maathuis, 2007) . Cl -ions on the other hand are known to move passively through anion channels and their transport is coupled with the transport of corresponding cations (Lorenzen et al., 2004) . Salt accumulation is known to affect ion homeostasis by decreasing the levels of internal K + and Ca 2+ (Serrano et al., 1999) and also causes metabolic toxicity because most enzymes of halophytes are as sensitive to salt as those of glycophytes (Flowers et al., 1977) . Removal of salt from the cytoplasm is therefore essential for maintaining the cellular metabolic activity. Halophytes are known to sequester Na + to the vacuole using energy-dependent mechanisms involving tonoplast H + ATPases, H + pyrophosphatases and Na + /H + antiporters (Parks et al., 2002; Vera-Estrella et al., 2005) . Cl -sequestration to vacuoles is also reported (Glenn et al., 1999) . Increased osmotic concentration of the vacuole is counterbalanced by accumulation of compatible osmolytes in the cytoplasm, which include mannitol, proline and quaternary ammonium compounds (Hu et al., 2000) . Synthesis of compatible solutes like cyclitols and organic acids has been reported in Bruguiera gymnorhiza subjected to high salt concentration . Besides osmotic adjustment, synthesis of protective compounds that play a role in preventing salt-induced oxidative damage also plays an important role in the adaptation of halophytes to the saline environment (Cheesemann et al., 1997; Parida et al., 2004; M'rah et al., 2007) .
All these processes incur metabolic costs that would require additional ATP generation when plants are subjected to salt stress. Increasing salt concentration in the external medium has been reported to bring about an increase in the respiratory oxygen uptake in glycophytes as well as halophytes (Lundegardh, 1955; Rains, 1972; Takemura et al., 2000) . However respiration increase is also thought to arise as a pathological response to stress, since the increase is greater in the less salt tolerant species (Burchett, 1989; LopezHoffmann et al., 2006) . Plants are known to be equipped with two different respiratory electron transport pathways (Yip and Vanlerberghe, 2001; Maxwell et al., 1999) . The cytochrome oxidase mediated (COX) pathway is primarily used for ATP generation. The alternative oxidase (AOX) pathway is known to be activated as an early response to metabolic imbalances (Clifton et al., 2005) and is thought to provide a mechanism for optimizing metabolic efficiency for regulating growth under stress conditions (Arnholdt-Schmitt et al., 2006) . An important role ascribed to the AOX pathway is preventing over-reduction of the respiratory electron transport which may lead to generation of reactive oxygen species (ROS) (Maxwell et al., 1999; Møller, 2001; Umbach et al., 2005) .
In the present paper we have studied the leaf respiration rates in fresh water irrigated plants of B. cylindrica grown in the greenhouse (FW plants) and salt adapted plants collected from the sea coast (SW plants). B. cylindrica is a facultative mangrove and can grow in soils irrigated with fresh water. Further, respiration rates were also studied when the leaves of these two types of plants were immersed in 4M NaCl to try and uncover the possible salt adaptive strategies, which may not be prominent when plants are exposed to gradual increases in salt concentration (see Ottow et al., 2005) . collected from the seacoast (Mumbai) were called seawater (SW) plants. These plants were brought to the laboratory in buckets along with the seabed soil and seawater in which they were growing and used for measurements directly. The second pair of leaves from the shoot apex was used for respiratory O 2 uptake measurements. Leaves of FW and SW were cut into small pieces (approximately 0.5 x 0.5 cm) by a sharp razor blade. Approximately 100 mg of leaf tissue was used for measuring O 2 uptake.
MATERIALS AND METHODS

Plant material and growth conditions
Water Content
Two leaves each from five independent FW and SW plants were used for determining the water content. The leaves were cut into three pieces (about 2 cm 2 area), weighed immediately (fresh weight) and then immersed in petri dishes containing water for 16 h at 4 o C. The leaf pieces were weighed again (turgor weight) after placing them briefly between blotting paper to remove the surface water. Finally the leaf pieces were dried for 48 h at 80 o C and weighed (dry weight).
Water content was calculated as:
Relative water content (RWC) was calculated as:
Na and Cl content
Leaves of FW and SW plants were dried for 48 h at 80 o C, weighed (dry weight) and powdered. 1g of dry leaf powder was heated in a furnace at 400 o C for 3h. 100mg of ash was resuspended in water and the Na and Cl contents measured using an atomic absorption spectrophotometer (Chemito 201, India) . The content of these ions was expressed in terms of mg -1 dry weight. 
Osmometry and electrolytic conductivity
Two leaves each from five independent FW and SW plants were ground in a mortar and pestle, centrifuged at 9676 x g (Kubota 1710, Japan) for 10 min and the supernatant used as cell sap. Osmolarity of the cell sap was measured using a vapor pressure osmometer (Wescor 5500, USA). To measure electrolytic conductivity (EC), the cell sap was diluted 500-fold with water and placed in the conductivity cell until the cell was completely submerged in the sap solution. EC was measured using an electrolytic conductivity meter (ELICO, India) having a cell constant of 0.1 cm -1 .
Leaf Respiration Measurements
The respiratory O 2 uptake of leaf pieces was monitored polarographically in the dark at 25ºC using a Clark-type oxygen electrode (Hansatech, Norfolk, UK). O 2 uptake was monitored in freshly aerated solutions for 3-5 min, during which the O 2 levels were never below 50-60% of the original levels. Leaves of FW and SW plants were immersed in NaCl solutions ranging from 0.5M to 4M prepared in 10 mM Tris-HCl buffer, pH 7.5 and the respiration rate determined every 30 min for a total period of 2 h.
Effect of PEG-induced dehydration stress on respiration
Dehydration stress was imposed by polyethylene glycol (PEG), a neutral active polymer used in plant water deficit studies. Leaf pieces of FW and SW plants were immersed in 10 mM Tris-HCl ( pH 7.5) (control) or in 30% PEG 8000 solution prepared in 10 mM Tris-HCl ( pH 7.5) for 30min and then used for O 2 uptake measurements.
Effect of other cations and anions on respiration
Ion specific effects on respiration were studied by measuring the respiration rate in 100mg fresh leaf pieces immediately after immersing them in aerated salt solutions of different cations and anions. 4M solutions each of NaCl, KCl, CsCl, LiCl and RbCl, 2M and 4M solutions each of CaCl 2 and MgCl 2 and 4M and 1.33M of AlCl 3 were prepared in 10 mM Tris-HCl buffer (pH 7.5). 4M solution of CH 3 COONa, 1.9M of Na 2 SO 4 and 1M of Na -PO 4 were also prepared in 10 mM Tris-HCl buffer (pH 7.5).
Effect of ion transport inhibitors on respiration
100mg leaf pieces of FW and SW plants were immersed in aqueous solutions of 1mM amiloride (3,5-diamino-6-chloro-N-(diaminomethylene) pyrazinecarboxamide monohydrochloride, dihydrate; Hoechst, India) or 0.1mM DIDS (4,4'-diisothiocyanato stilbene 2,2' disulfonic acid; Sigma, USA) for 30min, after which they were transferred to 10mM Tris-HCl buffer, pH 7.5 (for FW plants), sea water (for SW plants) and 4M NaCl solutions (for both FW and SW plants) for further 5min, 30min or 1h and then used for O 2 uptake measurements.
Contribution of COX and AOX pathways to respiration
KCN and salicylhydroxamic acid (SHAM) were used to inhibit the COX and AOX pathways respectively. The optimum concentration of these inhibitors was determined from titration experiments in which 100mg leaf pieces were immersed in varying concentrations ranging from 0 to 20mM of KCN (dissolved in water and neutralized with 2M HCl) and SHAM (dissolved in 2M KOH and neutralized with 2M HCl (Nagel et al., 2001) respectively for 1h and O 2 uptake measured. Based on titration results, 15mM KCN and 10 mM SHAM were used for subsequent experiments. The inhibitors were added individually or together to 10mM Tris-HCl buffer, pH 7.5 (for FW plants), sea water (for SW plants) and 4M NaCl solutions (for both FW and SW plants). Leaf pieces were immersed in the above solutions for 1h prior to O 2 uptake measurements. Contribution of the COX and AOX pathway to total respiration was determined as per Vani and Raghavendra (1994) .
Dinitrophenol (DNP) was used for uncoupling respiration. 0.5M DNP solution (dissolved in 2M KOH and neutralized with 2M HCl) was prepared in 10mM Tris-HCl buffer, pH 7.5 (for FW plants), sea water (for SW plants) and 4M NaCl solutions (for both FW and SW plants).Leaf pieces were immersed in these solutions for 1h and then used for measuring O 2 uptake.
ROS measurements
In vivo generation of ROS was examined with the cellpermeable probe 2'7'-dichlorodihydro-fluorescein diacetate (DCFH-DA; Sigma). The dye permeates membranes and is retained by cells after cleavage of the acetate moiety by cellular esterases. Fluorescence develops upon oxidation of the dye by H 2 O 2 , peroxyl radical, or peroxynitrite anion (Tarpey and Fridovich, 2001) . Stock solution of the dye was prepared in DMSO (dimethyl sulfoxide) and kept in the dark at -20ºC. About 25 mg leaf tissue was immersed for 30min in solutions of 15 mM KCN or 10 mM SHAM prepared in 10mM Tris-HCl buffer, pH 7.5 (for FW plants), sea water (for SW plants) and 4M NaCl solutions (for both FW and SW plants). After 30min, DCFH-DA was added to each solution to a final concentration of 5μM and samples were incubated in dark for a further 30min. The solutions were then decanted and the leaf samples frozen in liquid N 2 , homogenized and thawed. Freeze thawing was repeated at least thrice and then the tissues were suspended in 200μL of 10mM Tris-HCl buffer, pH 7.5. The samples were centrifuged at 9838 x g (Kubota 1710, Japan) for 5 min at 4°C and 100 μL of the supernatant from each sample was taken in a 96-well ELISA plate. Fluorescence measurements were made using a spectrofluorometer (Thermo, USA) at an excitation wavelength of 488 nm and an emission wavelength of 525 nm. The relative fluorescence values were expressed in terms of per mg protein, after measuring the protein levels in the same samples using Bradford's method (1976) .
Statistical analysis
All observations were made from the 2 nd pair of leaves of at least 3 independent FW and SW plants. Values were expressed as means along with their standard deviations. The data was subjected to statistical analysis using one-way ANOVA and Tukey's pairwise comparison test was used to determine differences between pairs of treatments. Student's t test was used to compare the respiration rates obtained with each cation and anion with the control.
RESULTS
Water and salt status of FW and SW plants
Leaves of B. cylindrica plants growing in the greenhouse and irrigated with fresh water (FW plants) showed 16% less water content than the leaves of plants growing on the sea coast (SW plants) (Table I) . Osmolarity, electrolytic conductivity, as well as the internal Na and Cl content of SW plants was about twice the values observed with FW plants.
Effect of salt on respiration
Time course studies on the effect of increasing concentrations of NaCl on respiratory oxygen consumption over time showed that there was significant increase in respiration when leaf pieces of FW and SW plants were immersed in 3M and 4M NaCl (Fig 1) .
A significant increase in respiratory oxygen uptake was observed almost immediately after subjecting the leaves of FW or SW plants to 4M NaCl. The increase in respiratory activity was about 2-fold after 1h incubation in 4M NaCl, in both FW (Fig 1a) and SW (Fig 1b) plants as compared to the leaves not subjected to salt treatment. No significant alterations in respiration were observed at salt concentrations ranging from 0-2M salt.
Effect of PEG-induced dehydration stress on respiration
Leaves of FW and SW plants were immersed in 30% PEG (which exerts an osmotic pressure of -2 MPa) solution (instead of 4M NaCl) and respiration measured after 30min. PEG-induced dehydration stress led to about 50% reduction in respiratory rates in both FW and SW plants (Fig 2) .
Ion-specific effects on respiration
The ion-specific effects on respiration rates of leaves of FW plants were studied by substituting 4M NaCl with solutions of other cations and anions. Respiration rates were also enhanced in the presence of KCl and to some extent with LiCl and CsCl, but not in the presence of RbCl, divalent cations (Ca 2+ and Mg 2+ ), or trivalent cations (Al 3+ ) at equivalent concentrations in terms of charge (Fig 3) . On the other hand increased respiration was only observed in the presence of Cl -but not in the presence of CH 3 COO -, SO 4 2-or PO 4 3-at equivalent concentrations. On pretreating leaves of FW plants with amiloride, an inhibitor of Na + / H + antiport, before subjecting them to 4M salt treatment, a significant decrease in the respiratory rate was observed in comparison to the respiratory rate of 4M-treated leaves (Table II) . However pretreatment with DIDS, an anion channel blocker led to an inhibition of respiratory rates in leaves irrespective of whether they were subjected to salt treatment or not.
Effect of inhibitors and an uncoupler on respiration
Initially a titration experiment was carried out in which respiration was monitored after 1h incubation of leaves of FW plants in varying concentrations of KCN (Fig 4a) or SHAM (Fig 4b) added to either 10mM Tris-HCl buffer pH7.5 or 4M NaCl. The concentration of each inhibitor at which maximum inhibition of respiration occurred was 15mM for KCN and 10mM for SHAM. These concentrations were used in subsequent experiments with FW and SW plants subjected to 4M salt treatment. KCN inhibited respiration in the leaves of both FW and SW plants that were immersed either in 10mM Tris-HCl buffer pH7.5 or in 4M NaCl (Fig 5a) . However treatment of leaves with 10mM SHAM led to a significant decrease in respiration only in the FW plants treated with 4M salt. When used together, KCN and SHAM inhibited respiration further as compared to the inhibition observed with either of these inhibitors. When respiration was uncoupled from oxidative phosphorylation using 0.5mM DNP, there was a 300% increase in respiration in leaves of the FW plants immersed in 10mM Tris-HCl buffer pH7.5, but only a 125% increase when the leaves were immersed in 4M NaCl instead of buffer (Fig 5b) . The respiration increases in leaves of SW plants immersed in 10mM TRIS-HCl buffer pH7.5 or 4M NaCl were 177% and 172% respectively.
ROS generation during respiration
ROS generation observed in terms of fluorescence arising from oxidation of DCFH-DA occurred in both FW and SW plants (Fig. 6) . In FW leaves it was almost twice that observed in SW leaves. Leaves of FW, but not SW plants showed a two-fold increase in the production of ROS when immersed in a solution of 4M NaCl. When the leaves of FW plants were incubated in 4M NaCl containing respiration inhibitors, KCN led to a slight reduction in the ROS generated in response to 4M salt, but SHAM led to a two-fold increase in ROS generation over that observed with 4M salt. ROS production in SW plants did not alter significantly upon similar treatments.
DISCUSSION
The leaf respiration rates of FW and SW plants were similar, indicating that leaves of these plants had achieved homeostasis in spite of the variation in their external and internal salt content.
Subjecting the leaves of FW and SW plants to increasing salt concentrations led to increased respiration rates, with 3-fold higher rate of respiration observed as early as 5 min of 3 and 4 M salt exposure. Salt as well as osmotic signaling has been reported to occur within seconds of exposing plants to these stress factors and is shown to be mediated through cGMP and Ca 2+ (Donaldson et al., 2004) . Signaling events at the plasma membrane, which by their very nature must be rapid, have been reported to bring about an alteration in the phosphorylation status of pyruvate dehydrogenase (Miernyk et al., 2006) . However, respiration is universally considered to be regulated by the utilization of ATP or by proton leakage, i.e. by respiratory control, and not by modification of component enzymes, which are always in far excess in the kinetic sense. Thus signaling events that imply modification of component enzymes would not account for this rapid stimulation of respiration.
The increase in respiration was specific to monovalent cations especially Na + and K + and to Cl -. It has been reported that Cl -influx into plants under salt stress occurs passively through anion channels and usually accompanies transport of the corresponding cation (Lorenzen et al., 2004) . More recently the presence of cation-Cl -cotransporters, which play an important role in maintaining ion homeostasis in animals, has been reported in plants (Colmenero-Flores et al., 2007) . Hence the transport of Cl -and cations like Na + and K + appear to be interdependent. Na + or Cl -are known to exert toxic effects if allowed to accumulate in the cytoplasm and are therefore sequestered to the vacuoles, which is an important adaptive strategy in halophytes (Glenn et al., 1999) . Sequestration of Na + to vacuoles is known to occur through the Na + / H + antiport, which is driven by the activities of H + ATPases and H + PPases (Parks et al., 2002; Tester and Davenport 2003) . It has been proposed that the positive membrane potential generated across the tonoplast by activities of ATPases and H + PPases is dissipated by Cl -transport through a uniport (Plant et al., 1994) . Hence respiratory energy requirements could be envisaged in the uptake and sequestration of Na + or Cl -. In our experiments, blocking Na + transport with amiloride led to a reduction in the salt-induced respiration increase, which was 25mg leaf pieces were incubated in 10mM Tris-HCl buffer (pH 7.5) or 4M NaCl in the presence or absence of 15mM KCN or 10mM SHAM for 30 min. 5ìM DCFH-DA was then added to each sample and these were incubated for a further 30min. Fluorescence measurements of oxidized DCFH-DA in leaf extracts prepared in 10mM Tris-HCl buffer (pH 7.5) were carried out spectrofluorimetrically. Values represnt means ± SD of three independent experiments. Values differing significantly (P= 0.05) from the respective controls (10mM Tris-HCl or 4M NaCl) are indicated by asterisks. However the relation between modified cellular ionic status to proton pumping activity or the ATP levels still remains speculative. Inhibition of anion transport with DIDS led to a reduction of respiration in the presence or absence of salt. DIDS is also reported to block the voltage dependent anion channel in outer mitochondrial membrane, which plays a role in regulating apoptosis (Godbole et al., 2003) , and this could account for the DIDS-induced inhibition of respiration irrespective of the salt concentration.
The COX pathway appeared to contribute to most of the respiratory oxygen uptake in the FW and SW plants. However when treated with 4M NaCl, the FW plants showed a significant contribution of the AOX pathway, while the SW plants did not. Involvement of the AOX pathway in FW and SW plants (not subjected to 4M salt) was however suggested from the observation that use of KCN and SHAM together led to further decreases in the KCN inhibited respiration. AOX pathway is known to be activated as an early response to metabolic imbalances and is thought to have adaptive significance in stress situations (Clifton et al., 2005; Arnholdt-Schmitt et al., 2006) . Along with other mitochondrial uncoupling proteins, the AOX pathway is thought to function as a sink for reducing power and dissipates proton gradients developed across mitochondrial membrane, thus preventing the generation of reactive oxygen species (ROS) (Møller, 2001; Bartoli et al., 2005; Borecky and Vercesi, 2005) . Since AOX respiration is nonphosphorylating, it is unlikely to play a role in salt sequestration, which requires ATP or PPi. On the other hand, since excess respiratory activity is known to generate ROS, the AOX may play a role in preventing ROS accumulation by tetravalent reduction of oxygen by reduced ubiquinone, to form water, thereby protecting cells from oxidative damage (Noctor et al., 2006; Navrot et al., 2007) . This role was observed in FW plants subjected to 4M salt treatment where ROS generation was significantly higher than that in plants not treated with salt or in the SW plants subjected to 4M salt. That the ROS were associated with increased respiration was confirmed by pretreating leaves with KCN, which led to a decrease in respiration as well as ROS generation. On the other hand, when leaves were pretreated with the AOX inhibitor SHAM, the generation of ROS was further increased over that observed with 4M salt, indicating that AOX played a role in reducing ROS accumulation in FW plants in the presence of high salt. Engagement of the AOX pathway has been reported under increasing salinity in wheat (Kong et al., 2004) , but not in halophytes. In Poplus plants subjected to salt shock, AOX activity was much higher than that observed when the plants were subjected to a gradual increase in salt concentration (Ottow et al., 2005) . This may explain the lack of AOX engagement in SW plants subjected to 4M NaCl treatment, where the salt shock was milder than that experienced by the FW plants.
When whole plants of B. cylindrica were exposed to 4 M salt solution (by dipping the roots in salt solution) for 48 h, no change in leaf respiration rate was observed in FW and SW plants (results not shown). Hence whole plant responses to high salt differed from the responses shown by leaves exposed to high salt. This may be because salt exclusion by roots has been reported for Bruguiera species (Takemura et al., 2000) , which would alter the actual salt concentration experienced by leaves. The use of leaves from fresh water grown plants, and treatments of very high salt concentrations played an important role in getting some indications of the salt adaptation mechanisms in mangroves since the responses were exaggerated as compared to those in salt-adapted plants.
CONCLUSION
The possible salt adaptation strategies used by B. cylindrica plants were salt sequestration and prevention of oxidative damage. These two mechanisms also appear to play an important role in adaptive responses to salt stress in glycophytes. For example wheat or Poplus plants exposed to salt stress showed an increase in AOX respiration (Kong et al., 2001; Ottow et al., 2005) . Similarly rice plants overexpressing the Na + / H + antiporter (Hui et al., 2007) or expressing a salt-induced voltage dependent anion channel from Pennisetum glaucum (Desai et al., 2006) showed better salt tolerance. However the cause underlying the rapid increase in respiration (within 5 min) on exposure to high salt remains unexplained.
